Introduction
In coal-bed methane reservoirs, the gas is mainly stored in micro pores of coal surface by the mechanism of adsorption in contrary with the conventional reservoirs which free gas is stored in rock porosity system [1] [2] [3] [4] . To release the adsorbed gas from the coal surface and to produce it through the natural cleat system, the reservoir pressure should be reduced to a critical desorption pressure by dewatering operation. During this reservoir depressurizing, the desorption area expands outward with pressure propagation. To date, both analytical [5, 6] and numerical approaches [7, 8] have been used to predict the expansion of desorption area. However, it is found that the previous analytical models are not working accurately in the case of two-phase flow of gas-water system because not only the flow behavior in this case is more complex [3, 9] ; but also, the working condition of CBM well is frequently changing as a result of work-over, shut-in well, and so on. In the case of numerical modeling, many different data set are required to run the simulation such as the geological model, coal and fluid properties [8, 10] and petrophysical properties for example permeability, porosity, and relative permeability curves which are hard to obtain [11] . In contrary to numerical simulation, an analytical model does not need most of those data sets and it is simple and fast.
In this paper, we first present different mechanisms of pressure propagation and desorption area expansion during the production. Then, a simplified mathematical model is developed for the pressure distribution in CBM based on the characteristic of gas-water ratio. Furthermore, the pressure equations are solved using the method of continuous succession of steady states. Next, a mathematical model for desorption area in a coal-bed methane well is developed combined with material balance equation. Then, it is shown that the developed new model is validated with numerical simulation. Finally, the predictive model has been applied in Hancheng CBM field in China and the results are discussed in detail. Some conclusions are presented in the last section.
Pressure propagation and desorption area expansion
It is necessary to review different flow mechanisms occurring in CBM reservoirs for the development of a mathematical modeling. Throughout the production from under-saturated CBM reservoirs, the following three stages are commonly taking place: 1-dewatering stage; 2-stable production stage; and 3-decline stage [3] . In all three stages, either single-phase or two-phase flows can occur depending on the relative permeability of each phase. During the early stage of depressurizing, since no gas has been desorbed, single phase water flows only. Once the pressure reaches the critical desorption pressure, the gas phase will change from adsorbed gas to free gas state. By the time the gas phase reaches the critical gas saturation, a two-phase gas-water flow will develop in the cleat system. As a result, the following characteristics for pressure propagation in each stage will occur:
(1) During the dewatering stage, since the flow behavior is only a single phase, the pressure propagates through the water in the cleat system. The pressure propagation will interfere with other neighboring wells at the flow boundary. After reaching to the boundary, the pressure drop in the drainage area will be proportional to the water production rate.
(2) During stable stage, since the reservoir pressure is reduced to the critical desorption pressure, and the gas begins to desorb and diffuse through the coal matrix to the cleat system, the desorption area begins to expand (Figure1). At this time, a single-phase water flow is changed to two-phase flow. In this case, the resulting flow resistance in two-phase system is obviously higher than single phase flow. However, on the other hand, the matrix system acts as a source supplying gas to the cleats therefore, it slows down the trend of pressure drop. In overall, the expansion of desorption area is controlled by both desorption and two-phase flow. The expansion of desorption area will end when desorption front reaches the boundary.
(3) During decline stage, once the gas saturation is at the highest and the water saturation decreases to immobile residual saturation, the flow system becomes a single-phase again; however, this time is gas-flow only.
Mathematical Model

Simplified approach for two-phase flow equation of CBM
The partial differential equations for two-phase flow in coal seam are given in the following equations [12] [13] [14] :
Gas:
Water:
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The above equations are basically the combination of mass balance and Darcy' law in which the quantity of desorption gas is given by equilibrium sorption model [5] :
Multiplying Eq.
by Bw, and adding the two equations together, we have:
Where C t * is the modified form of total system compressibility and it is given as the following [5] :
By expanding the differential operators of the left terms in Eq. (5), we have:
The total mobility of gas and water, and gas-water ratio (GWR) are defined in the following two equations:
The third term in Eq. (7) can be written in terms of GWR as:
We can simplify the Eq. (7) by defining the early stage of low GWR and later stage of high GWR as following:
(1) Early two-phase flow stage including single-phase water flow (low GWR)
In this stage, the gas saturation is around the critical saturation and the gas flow rate is very low, therefore, both GWR and GWR P  are assumed to be negligible [13] . Thus, Eq. (7) is changed into Eq (11) as following：
It is assumed that the water permeability Kw, water viscosityμw and formation volume factor of water Bw are all constant in early production stage, so
Therefore the second term in Eq. (11) becomes zero and the diffusivity equation is：
(2) Middle two-phase and late single-phase gas flow stages (High GWR)
In these two stages, the gas phase production is dominated while the water rate is declining. In this case, the resulting GWR is high, and 1/GWR can be neglected [12] [13] [14] . We can write the second term of Eq. (7) in terms of GWR as the following:
Where   1 WGR P  can be neglected. Therefore Eq. (7) becomes
The gas saturation throughout the drainage area is increased steadily with time when the pressure front reached the boundary [16] , therefore, the gas effective permeability can be assumed constant. For low pressure coal seams, the product of gas viscosity and Z-factor is also assumed to be constant [12] , thus:
Where α is constant. Substituting Eq. (16) into (15) 
As seen in Eq. (17), the flow differential equation for middle and late stages is described by pressure squared, while in early stage, it is described by pressure only as seen in Eq. (13).
Approximation solution of pressure profiles
In order to solve the transient flow equations of 13 and 17, the concept of "continuous succession of steady states" [16, 17] is used. The pressure profile at any production time of CBM Where rd is the radius of desorption area.
In the middle and late stages, the diffusivity equation is described by pressure squared approach (Eq. (17) As we mentioned before, the equations (18) and (19) are for the pressure propagation in CBM wells in radial geometry with no hydraulic fracture stimulation. We have solved the same equations of 13 and 17 in elliptical geometry for the cases of fractured wells. It is reported that the pressure propagates in elliptical geometry when the well is vertical and hydraulically fractured [18] [19] [20] . For example, in the case of low permeability coal bed methane in Hancheng region in China, hydraulic fracturing is always necessary and commonly used to increase the production rate and make the development of CBM economical level. In order to transform the elliptical geometry into linear geometry we have used conformal transformation by the following equations [18] [19] [20] : 
The volume of free gas remained in the cleats can be neglected because the cleat porosity is small (about 2% for Hancheng field) and the pressure of coal seam is low, thus, the Eq. (24) becomes:
By integration of gas desorption in whole region, the cumulative production is given below: 
Desorption area in vertical well with hydraulic fractures
For elliptical flow, the desorption front expands outward in elliptical form in the control volume, as shown in Figure 2b . If the free gas in cleat system is also neglected, the cumulative production in
Where dA h dV   ，A represents the elliptical area as the following:
In Eq. (29), ξd is the unknown parameter. Then, the major semi-axis xd and minor semi-axis yd can be obtained from Eq. (23). Similar to radial case if ξd is calculated based on Eq. (21) (pressure approach), it is the minimum value of desorption radius, while if ξd is calculated based on Eq. (22) (pressure squared approach), it is the maximum value. Therefore，the minimum and maximum value of desorption area can be estimated by combining Eq. (29) with Eq. (21) or Eq. (22) respectively.
Numerical Simulation
Two CBM numerical models are built to show how the results from the developed analytical model are matched with a numerical simulation. The input data for two models are shown in Table 1 .
The first model (Model I) represents a CBM well located in a circular closed reservoir with uniform thickness and isothermal condition. In this simulation, the grids were radial and the drainage radius was set equal to 350m (Figure 3a) . In the second model (Model Ⅱ), a hydraulic fractured well is considered with elliptical geometry as shown in Figure 3b . The fracture half-length is assumed to be 73.5 m. In this model, rectangular grids were used in a 700 m×700 m rectangular reservoir area. respectively. In early times, the pressure approach was used until the 50 th day and the pressure squared approach was used for the later times. As it is seen, the results from the analytical model are good matched with numerical simulation. It is verified that the unsteady pressure profile during production can be approximated by the approaches of "pressure" or "pressure squared" in steady state condition.
Based on the cumulative production data, the desorption radius are calculated and compared to the simulation results. As shown in Figure 4b , in early times when the gas production is not high, the pressure approach can match the simulation. However, in middle and late times, it is confirmed that the pressure squared approach is the proper methodology. In general, we can conclude that all simulation values are not less than the values from the pressure approach and also are not higher than the values from the pressure squared approach. Therefore, the pressure and pressure squared approaches can create a window for the maximum and minimum values of simulation.
For hydraulic fractured well of Model Ⅱ, as seen in Figure 5 , it is confirmed that the major semiaxis of elliptical desorption area starts with fracture half-length (73.5m) and expands outward (Figure 5a ), while the minor semi-axis starts from the wellbore radius (Figure 5b) . It is also shown that the desorption area calculated by pressure squared approach is closer to the simulated results.
The reason for this finding is that, since there is a large gas-water ratio in the early production stage as a result of hydraulic fracturing, the pressure approach is not applicable here.
Field Application
The development of coal-bed methane in China focuses mainly in two basins of Qinshui basin in interferes with well A right after the production due to the effect of hydraulic fracturing. In the latter case, the distance between desorption front of well A and well B is only 13.0 m apart, therefore, the two wells will interfere with each other soon. Furthermore, the distance between desorption front of well A and fracture tip of well C is 29.5 m while the distance between desorption front of well A and the location of well D is 32.0 m. In general, the proposed models can be used as a simple and fast technique to predict the desorption area expansion.
Conclusions
1) An analytical model is developed for the prediction of desorption area in CBM reservoirs. The model is based on simplified approach of two-phase flow equations when desorption is controlling the gas production. Our model is developed for both non stimulated and hydraulically fractured vertical wells.
2) Unlike the numerical simulation, the developed model is based on material balance and does not require cleat permeability and gas-water relative permeability curves. The model is validated by a good match with numerical simulation. It was found that in early production, the pressure approach can match the simulation; however, in middle and late times, the pressure squared approach matches the simulation.
3) The proposed model was applied on a CBM well group in Hancheng field, China. It is found that desorption area expands with elliptical geometry. The size of desorption area has been estimated by the gas production and bottom-hole pressure data. The results predict that well A and well B have interfered with each other after 525 days of production. Also, it is predicted that Well C and well D will be in contact with the desorption area of well A if they are put into the production.
4) It is also concluded that although if the desorption front reaches the boundary (drainage area interference), the proposed models are not applicable, the desorption area and the timing before the start of interference can be determined. 
